Flavopiridol (FP), an inhibitor of cyclin dependent kinases 1, 2 and 4, potently induced apoptosis in U937 human monoblastic leukemia cells. This process was accompanied by characteristic morphological changes, inner mitochondrial membrane permeability transition, release of cytochrome c, processing of procaspases, and generation of reactive oxygen species. Significantly, the general caspase inhibitor Boc-FMK did not block the release of cytochrome c, whereas it did block cleavage of BID and the loss of DC m . Neither FP-induced apoptosis nor cytochrome c release was inhibited by the pharmacological caspase-8 inhibitor IETD-FMK or endogenous expression of viral caspase-8 inhibitor CrmA. Finally, FPmediated apoptosis, but not cytochrome c release, was partially blocked by the free radical scavenger LNAC. Collectively, these findings indicate that FP induces apoptosis in U937 cells via the release of cytochrome c from the mitochondria and independently of activation of procaspase-8. Cell Death and Differentiation (2001) 8, 715 ± 724.
Introduction
Apoptosis is a regulated, energy-dependent process in which cells die in response to growth factor withdrawal, 1 ligand binding, 2 or cytotoxic stimuli such as drug treatment. 3 It occurs in two phases, i.e., an initiation phase which may be stimulus dependent, and a common downstream effector phase which involves chro matin condensation, DNA fragmentation, and cell membrane alterations. The sequential cleavage and activation of caspases, a family of cysteine proteases, is a requisite step in both phases of this signaling cascade. Initiator caspases containing long pro-domains, including caspase-8 in CD95-(Fas/Apo-1) or TNF-induced apoptosis, 2 or caspase-9 which is triggered in response to various chemical stimuli, 4 directly or indirectly activate effector caspases-3, -6, and -7. The latter cleave a variety of intracellular targets responsible for downstream functional and morphologic changes. 5 ± 7 Procaspase-8 is activated at the cell membrane by receptor binding and is capable of cleaving and activating all downstream caspases 8 as well as inducing release of cytochrome c from the mitochondria through the cleavage of BID. 9, 10 In contrast, procaspase-9 is activated downstream of drug-induced mitochondrial injury and forms a complex with cytosolic cytochrome c, dATP and Apaf-1, referred to as the apoptosome. 11 The apoptosome, following formation of an oligomerized complex, 12 cleaves and activates procaspase-3. Inasmuch as caspase-3 ultimately activates both procaspases-8 and -9, 13 both the extrinsic (i.e., receptor-mediated) and the intrinsic (i.e., mitochondrial-dependent) pathways ultimately result in pancaspase activation which may provide the cell with an amplification mechanism to ensure its demise.
Flavopiridol (NSC 649890)(FP) is a semisynthetic flavonoid that binds to the ATP-binding pocket of multiple cyclin-dependent kinases, 14 proteins intimately involved in the regulation of cell cycle progression. 15 It is a potent inhibitor of cyclin-dependent kinases 1, 2, and 4 in vivo, 14, 16 and effectively induces apoptosis in human leukemia cell lines. 17 ± 19 FP is presently under investigation in phase II clinical trials. 20 It is currently unclear whether the apoptotic response to FP represents a direct result of cdk inhibition 21 or, alternately, a response to down-regulation of cell cycle 22 or anti-apoptotic proteins. 19, 23 In view of early reports suggesting that FP-induced cell death may occur in the presence of Bcl-2, 19 and evidence that receptor-mediated cell death is relatively insensitive to suppression by this protein, 24 questions have arisen regarding the dependence of FP-mediated lethality on early mitochondrial events. In this regard, a recent report has demonstrated that FPinduced apoptosis in a cervical carcinoma cell line was not attenuated by Bcl-2 over-expression, but was blocked by inhibition of caspase 8. 25 Further, an additional study has demonstrated that FP treatment blocked cytochrome c release in embryonal cortical neurons exposed to camptothecin. 26 Taken together, these findings appear to argue against a mitochondrial-based mechanism of FP lethality.
Currently, relatively little information is available concerning early events involved in FP-mediated apoptosis, particularly in malignant hematopoietic cells. The purpose of this study was to investigate the relationship between FP, administered at clinically relevant concentrations, and mitochondrial injury, caspase activation, and cell death in human leukemia cells (U937). Our studies indicate that FP induces early cytochrome c release which is not blocked by pharmacological inhibition of caspases, whereas cleavage of BID and mitochondrial membrane potential changes in response to FP are caspase-dependent. Moreover, in contrast to receptor-mediated apoptosis induced by TNF, FP-induced caspase-3 activity and apoptosis are not attenuated by inhibitors of caspase-8. Lastly, our results demonstrate that reactive oxygen species are generated in response to FP, and that a free radical scavenger (NAcetyl-L-cysteine, LNAC) can attenuate the caspasemediated morphological changes downstream of cytochrome c release. Collectively, these findings strongly suggest that, in p53 7/7 U937 leukemic cells, mitochondrial release of cytochrome c and subsequent activation of caspase-9, rather than cleavage/activation of procaspase-8 and BID, are primarily responsible for initiating the apoptotic cascade in response to FP.
Results

FP induces apoptosis in U937 cells
To characterize the dose response of U937 cells to FPmediated apoptosis, cells were exposed to a range of FP concentrations (e.g., 50 ± 400 nM) for 18 h and cytocentrifuge preparations were scored for characteristic apoptotic morphologic features (i.e., nuclear condensation and fragmentation, membrane blebbing). As shown in Figure 1A , concentrations of FP 100 nM induced significant apoptosis in U937 human leukemia cells. In addition, cells exposed to 200 nM FP were lysed at 3 h intervals and subjected to Western analysis ( Figure 1B ). Caspase substrate poly (ADPribose) polymerase (PARP) was initially cleaved to an 85 kD fragment at 6 h, and this effect was significantly more pronounced by 12 h.
To investigate cell cycle-related effects of FP, cells were exposed to 100 ± 300 nM FP in the presence or absence of pan-caspase inhibitor Boc-FMK, fixed, and analyzed by flow cytometry for DNA content. In the absence of Boc-FMK (Figure 2A ), a clear increase in the subdiploid population was noted with increasing FP concentration, accompanied by pronounced decreases in the S and G 2 /M phases and a moderate decrease in the G 1 population. However, the addition of Boc-FMK ( Figure 2B ) effectively blocked FP-mediated increases in the subdiploid fraction, thereby demonstrating the caspase-dependency of FPmediated DNA fragmentation. Under these conditions, the G 0 /G 1 population was unperturbed, whereas the S-phase and G 2 M fractions displayed a significant decrease and increase, respectively (P50.05 versus untreated control cells in each case). These findings are consistent with past reports demonstrating that FP induces G 2 /M phase arrest. 27 FP treatment induces release of cytochrome c, sequential cleavage of caspases, and loss of mitochondrial membrane potential
In order to determine whether FP treatment activates the mitochondrial cell death pathway, U937 cells were exposed to 200 nM FP for 8 h. At 1 h intervals, samples were lysed with digitonin and the resulting cytoplasmic fractions subjected to Western analysis ( Figure 3A) . Etoposide (100 M, 3 h) was used as a positive control for cytochrome c release and caspase activation. In addition, cells were pretreated for 30 min with the broad-specificity caspase inhibitor Boc-FMK, after which they were exposed to 200 nM FP for 8 h to evaluate the role of caspase activation in these steps. Cytochrome c was first detected in the cytoplasmic fraction 4 h after treatment with FP. While a very small amount of protein was evident at 3 h, it was equivalent to the amount seen in the negative control, and presumably represents mitochondrial contamination of the cytosolic fraction. 28 Coincident with release of cytochrome c from the mitochondrial intermembrane space, the active 38 and 22 kD fragments of procaspase-8, the active 37 kD fragment of procaspase-9, and the active 17 kD fragment of procaspase-3 became faintly discernible. This is consistent with reports that release of cytochrome c is rapidly followed by procaspase activation. 29 However, it is important to note that whereas Boc-FMK pre-treatment substantially reduced cleavage of procaspases-8, -9, and -3, it did not attenuate cytochrome c release, providing evidence that the latter represents a primary event rather than a consequence of procaspase-8 activation.
In parallel experiments, cells exposed to FP were subjected to Western analysis to examine the temporal pattern of BID cleavage ( Figure 3B ). BID is a known substrate of caspases-8 and -3, cleavage of which is required for release of cytochrome c in response to receptor-mediated programmed cell death. 30, 31 TNF in the presence of cycloheximide (TNF/CHX), a well-described stimulus for receptor-mediated killing in U937 cells, was used as a positive control for caspase-8-dependent BID cleavage and subsequent cytochrome c release. 13 BID cleavage was evident after treatment with TNF, and was blocked by specific caspase-8 inhibitor IETD-FMK, as anticipated. However, FP-induced BID cleavage was not attenuated by IETD-FMK but was blocked by the general caspase inhibitor Boc-FMK. Together, these findings indicate that, unlike TNF/CHX, FP-mediated BID cleavage is not solely dependent upon caspase-8 activity, but occurs as a result of general caspase activation downstream of cytochrome c release.
Loss of inner mitochondrial membrane potential lies downstream of caspase activation in FP-treated cells
To investigate the relationship between the mitochondrial permeability transition (MPT) and cytochrome c release, FPtreated U937 cells were stained with cationic mitochondrial dye DiOC 6 (3) and analyzed by flow cytometry. Cells in which the mitochondrial inner membranes have depolarized exhibit low fluorescence ( Figure 4 ). Loss of membrane potential (DC m ) did not precede cytochrome c release. Moreover, in marked contrast to results obtained for cytochrome c release, caspase inhibition by Boc-FMK substantially blocked the reduction in DC m , indicating that this event is secondary to caspase activation rather than an initiating stimulus for redistribution of cytochrome c. Identical results were obtained when cells were stained with the lipophilic cationic dye JC1, which loses aggregation-dependent red fluorescence and increases monomeric green fluorescence upon mitochondrial depolarization (data not shown). 
FP-mediated apoptosis is not dependent upon the activity of caspase-8
To investigate whether cell death in response to FP was dependent upon activation of caspase-8, U937 cells were exposed to FP (200 nM) in the presence of specific caspase-8 inhibitor IETD-FMK, specific caspase 3 inhibitor DEVD-FMK, or the broad specificity caspase inhibitor Boc-FMK. After 12 h, cell lysates were assayed for cleavage of substrates of caspase 8 (IETD-NA) and caspase 3 (DEVD-NA) to their colorimetric product ( Figure 5A and B) . TNF in the presence of cycloheximide was used as a positive control for extrinsic caspase activation (i.e., caspase 8-dependent caspase 3 activation); etoposide (VP16, 100 M, 4 h) was included as an activator of the intrinsic, or mitochondrial, apoptotic pathway. 13 Pretreatment with IETD-FMK blocked caspase 8 activity induced by all treatments, but blocked caspase 3 activity only in response to TNF/CHX. FP treatment induced an approximately 13-fold induction of caspase 3 activity which was not significantly attenuated in the presence of IETD-FMK, indicating that FP-mediated caspase 3 activity is not dependent upon activation of caspase 8.
In parallel experiments, cytocentrifuge preparations were scored for morphologic apoptosis ( Figure 6A ) and analyzed by flow cytometry for loss of DC m ( Figure 6B ) following 18 h of FP exposure (200 nM) in the presence of caspase inhibitors. While Boc-FMK and DEVD-FMK blocked apoptosis in response to FP, IETD-FMK had no effect. In contrast, apoptosis in response to TNF/CHX was blocked equally by IETD-FMK, DEVD-FMK or Boc-FMK. Etoposide (VP16) induced apoptosis which was blocked by Boc-FMK and DEVD-FMK but not by IETD-FMK, as anticipated. The loss of DC m in response to FP was attenuated after IETD-FMK treatment, although not to the extent observed in cells subjected to TNF/CHX treatment. This effect was, however, similar to that observed in VP16-treated cells, and suggests that induction of the MPT by FP represents a downstream event that is dependent in part upon the actions of caspases, including caspases-6 and -8.
To compare the roles of caspase activation in FPmediated versus receptor-mediated cell death further, U937 cells treated with FP, TNF/CHX, or VP16 in the presence or absence of Boc-FMK were selectively lysed with digitonin and subjected to Western analysis for cytosolic cytochrome c (Figure 7) . Cytochrome c release in response to TNF/ CHX was blocked by caspase inhibition, reflecting dependence upon receptor-mediated caspase-8 activity. In contrast, FP-mediated cytochrome c release occurred in the presence of Boc-FMK as noted previously, supporting the concept that this event is caspase-independent. Similarly, VP16-induced cytochrome c release occurred despite caspase inhibition. In all cases, the appearance of active fragments of procaspase-3 was also inhibited by Boc-FMK (data not shown).
In order to verify caspase-8-independence, U937 cells were stably transfected with a construct that constitutively expresses CrmA, a cowpox virus-encoded inhibitor of caspases-8 and -1. 32 Two clonally selected populations of CrmA-expressing cells (designated NE3 and NF7) exhibited marked resistance to TNF/CHX, VP16, and FP-induced caspase 8 activation in comparison to both empty vector 
FP-mediated apoptosis is dependent upon generation of radical oxygen species
To determine whether exposure to FP resulted in the generation of oxygen radicals, treated cells (200 nM FP, 6 h) were loaded with CDCFDA, a fluorogenic acetoxymethyl ester diacetate, and incubated for 2 h at 378C. The dye is deesterified within cells and fluoresces upon oxidation by peroxide radicals. 33 FP-treated samples were analyzed by flow cytometry and compared to untreated controls; a representative experiment ( Figure 10A ) demonstrates that FP treatment results in a significant increase in cellular peroxide radicals.
To investigate the role of oxygen radical generation in the apoptotic response of U937 cells to FP, cells were Figure 10C ). LNAC pre-treatment significantly (P50.05) blocked the characteristic morphologic features of apoptosis, although the effect was incomplete. UV irradiation was used as a positive control for oxygen-radical-dependent apoptosis and was also only partially blocked by LNAC pre-treatment. Lower concentrations of LNAC blocked the apoptotic response to a lesser extent (data not shown), whereas increasing concentrations induced necrosis in U937 cells and therefore were not evaluated. Western analysis of the cytosolic fraction revealed that FP-mediated cytochrome c release was not inhibited by LNAC when the latter was administered at a concentration that attenuated apoptosis, and suggests that free radical actions lie downstream of this event.
Discussion
The findings presented herein demonstrate that the CDK inhibitor FP, when administered at clinically achievable concentrations, potently induces mitochondrial damage in U937 human leukemia cells, leading in turn to caspase activation and initiation of the apoptotic cascade. CDK inhibitors, which include, in addition to FP, roscovitine, olomoucine, butyrolactone, and the paullones, are currently Figure 9 CrmA-expressing U937 cells are sensitive to FP-mediated apoptosis and MPT. U937 cells stably transfected with a plasmid expressing viral caspase inhibitor CrmA (NE3 and NF7) were exposed to TNF/CHX, VP16, or FP in parallel with empty vector controls (pcDNA3.1) and parental U937 cells and examined for morphologic apoptosis (A). The data represent five independent experiments. Selected cell lines were analyzed for mitochondrial membrane potential change by loss of DiOC 6 (3) (B). This is representative of five experiments the subject of considerable interest as antineoplastic agents. 21 This interest has been stimulated by the discovery that in addition to their capacity to overcome the growth dysregulation characteristic of neoplastic cells, CDK inhibitors are also potent inducers of apoptosis. 34 In view of abundant evidence that disruption of the cell cycle is one of the most effective inducers of cell death, 35 it is presumed that CDK inhibitor-induced apoptosis stems from interference with cell cycle traverse. However, the early events surrounding initiation of apoptosis by FP or other CDK inhibitors remain largely unexplored.
To date, three major pathways of apoptosis have been described. The first, referred to as the intrinsic pathway, involves mitochondrial damage, such as loss of the mitochondrial membrane potential (DC m ) and/or release of pro-apoptogenic proteins from the inner mitochondrial space, including cytochrome c or AIF (apoptosis-inducing factor). 36, 29 These events, in turn, lead to activation of initiator caspases, particularly procaspase-9, which triggers cleavage and activation of effector caspases directly responsible for cellular disassembly such as procaspases-3, and-7. 6 Alternatively, binding of certain ligands to their cell surface receptors (e.g., Fas-L, Apo, CD95) triggers a cascade of events culminating in activation of FADD (fas-associated death domain) and cleavage/ activation of procaspase-8. 37, 38 This cascade, referred to as the extrinsic pathway, is primarily involved in apoptosis associated with the TNF family of cytokines, 39, 40 and may proceed independently of mitochondrial damage. Nevertheless, receptor pathway-associated activation of procaspase-8 can lead to cleavage and activation of BID, which is capable of inducing cytochrome c release as a secondary event. 9 A third pathway of apoptosis involves members of the granzyme B family. 41 In the case of most chemotherapeutic agents, apoptosis has been linked to mitochondrial damage, including loss of the DC m or release of cytochrome c into the cytoplasm. 4 However, evidence exists that the extrinsic apoptotic pathway may be involved in certain forms of drug-induced cell death (e.g., that associated with doxorubicin), 42 although this phenomenon appears to be highly stimulus-and cell typedependent. 43 It should be noted that drug-induced apoptosis (e.g., by agents such as VP-16) can primarily trigger mitochondrial injury, but may also induce procaspase-8 and BID cleavage as secondary events, which in turn potentiate mitochondrial dysfunction. 13 In this way, the receptor-mediated pathway can serve to amplify the apoptotic response to agents that initially act by triggering mitochondrial damage.
FP-induced apoptosis differs in several respects from that associated with most conventional cytotoxic agents, and such considerations raise the possibility that FP may activate a unique apoptotic pathway. For example, FP has been shown to induce apoptosis to an equivalent extent in p53 + and p53 7 cells, 27 and to act in the presence of Bcl-2. 18, 19 Because Bcl-2 is generally more effective in blocking apoptosis proceeding through the mitochondrial rather than the receptor-related pathway, 24, 44 the latter finding would be compatible with an extrinsic pathway-associated mechanism of FP lethality. In support of this concept, a recent study has demonstrated that cervical carcinoma cells undergo FP-mediated apoptosis independently of endogenous Bcl-2 over-expression, and in a caspase-8 dependent manner. 25 In sharp contrast, our findings in U937 monocytic leukemia cells provide several lines of evidence arguing that clinically achievable concentrations of FP induce apoptosis by triggering release of cytochrome c from the mitochondria and subsequent caspase activation, rather than through primary activation of receptor-dependent caspase cascades. While an analysis of the temporal pattern of pro-caspase cleavage was inconclusive, presumably due to the rapid nature of caspase activation following the appearance of cytochrome c, 29 the results of caspase inhibition studies argued strongly that caspase-8 did not play a primary role in the cellular response to FP. First, the broad-specificity caspase inhibitor Boc-FMK blocked caspase activation and BID cleavage in response to FP, but failed to attenuate cytochrome c release, indicating that this event is not caspase-or BIDdependent. Secondly, IETD-FMK significantly blocked caspase-8 activity in response to FP without attenuating caspase-3 activity, BID cleavage, or apoptosis. This was in sharp contrast to TNF/CHX treatment, in which caspase 8 inhibition blocked BID cleavage, caspase-3 activity, and the apoptotic response. Finally, U937 cells stably expressing viral caspase inhibitor CrmA, which blocked caspase-8 activity, were fully susceptible to FP-mediated caspase-3 activity or apoptosis, but were highly resistant to TNFmediated death. Together, these findings suggest that the primary action of FP is to induce cytochrome c release by the intrinsic or mitochondrial pathway, and that activation of components of the extrinsic pathway is a consequence, rather than a cause, of this event. As in the case of conventional cytotoxic drugs, 13 the possibility that secondary activation of procaspase-8 and BID may serve to amplify FP-mediated mitochondrial damage and apoptosis cannot be excluded. In fact, based on the evidence that BID cleavage and caspase 8 activation are observed downstream of cytochrome c release and caspase 3 activity in response to FP, this does appear to be the case.
There is some debate as to whether release of cytochrome c or loss of DC m represents the primary trigger for the apoptotic program. The ability of certain inhibitors of the MPT (e.g., the adenine nucleotide transporter antagonist bongkrekic acid) to block some forms of apoptosis, 45 and the observation that under some circumstances, apoptosis can proceed in the absence of cytochrome c release 46 argues for the latter. However, numerous studies have shown that in response to various stimuli, cytochrome c release precedes the loss of DC m , 47 and that the features of apoptosis (e.g., PARP degradation) can under some circumstances be dissociated from the loss of DC m . 29 In accord with the latter findings, FP-induced mitochondrial discharge and apoptosis were prevented by co-treatment with Boc-FMK, whereas cytochrome c release was not. This indicates that in U937 cells the lethal actions of FP are unlikely to represent a direct consequence of loss of the DC m ; instead, collapse of the DC m may reflect, as previously proposed, 48 disruption of respiratory chain that accompanies loss of cytochrome c from the mitochondrial intermembrane space and/or caspase activation.
The role of free radical production in the apoptotic process may vary with the stimulus and cell type. In some studies, induction of apoptosis by chemotherapeutic drugs (e.g., ara-C) has been linked to production of reactive oxygen species (ROS), 49, 50 whereas other studies have suggested that ROS generation represents a consequence rather than a cause of cell death. 51 Free radical scavengers such as LNAC or PDTC have proven useful in attempts to address this issue. In the present studies, LNAC significantly, although incompletely, blocked FPmediated apoptosis, but had no effect on cytochrome c release. These findings suggest that free radical production lies downstream of FP-mediated mitochondrial injury. It remains possible, however, that free radical generation by FP could serve to amplify the apoptotic response to this agent.
In summary, the present studies demonstrate that induction of apoptosis by FP in human leukemia cells (U937) proceeds through the intrinsic, cytochrome c-related pathway, and is not dependent upon the extrinsic, procaspase-8-associated cascade. However, several questions concerning FP-mediated lethality remain to be answered. For example, the mechanism by which FPrelated cell cycle disruption triggers mitochondrial dysfunction, and more specifically, cytochrome c release, is unclear, as is the basis for the discrepancies between the present results in human leukemia cells and those suggesting a caspase-8-dependent mechanism for FPrelated lethality in cervical carcinoma cells. 25 It will also be important to determine whether the ability of FP to promote cytochrome c release in leukemic cells, in contrast to its observed inhibitory effects in embryonal cortical neurons, 26 could serve as a possible basis for therapeutic selectivity. Finally, it will be necessary to reconcile reports that FP induces cell death in Bcl-2 over-expressing cells with evidence that Bcl-2 acts, at least in part, by blocking mitochondrial cytochrome c release. 44 The reported ability of FP to down-regulate the expression of Bcl-2 and related proteins (i.e., in primary CLL cells 23 ) may bear on this issue. In this regard, the availability of U937 cells ectopically expressing Bcl-2 52 should help to resolve this question. Accordingly, such studies are currently in progress.
Materials and Methods
Cell lines
U937
53 cells were obtained from ATCC (Rockville, MD, USA) and cultured in PRMI 1640 medium supplemented with sodium pyruvate, minimal essential medium, essential vitamins, L-glutamate, penicillin, streptomycin, and 10% heat-inactivated fetal bovine serum (Gibco). CrmA-expressing cell lines were obtained by transfecting U937 cells (Multiporator, Eppendorf) with CrmA cDNA (kindly provided by Dr Kapil Bhalla, H. Lee Moffitt Cancer Center, Tampa, FL, USA) cloned into pcDNA3.1 (Invitrogen); empty vector transfectants served as negative controls. Clonal populations were established by limiting dilution and transfectants were maintained in the presence of 400 g/ml G418 (Life Technologies). CrmA-expressing clones were screened by Western blot with anti-CrmA antibody (Pharmingen).
Drug treatments
Ara-C and Etoposide (Sigma) were freshly prepared in sterile water. Flavopiridol, kindly provided by Dr. Edward Sausville (National Cancer Institute, Bethesda, MD, USA), was dissolved in DMSO and diluted in sterile PBS before use. Human recombinant TNF (Calbiochem), Boc-FMK and IETD-FMK (Enzyme Systems Products) were dissolved in DMSO. N-acetyl-L-cysteine (Calbiochem) was prepared in sterile water immediately before use. For all experiments, cells in log phase growth were suspended at 2610 5 cells/ml and exposed to treatment for the times indicated.
Assessment of apoptosis
Cell cultures were prepared by cytocentrifugation and stained with Diff-Quick stain set (Dade Diagnostic) and viewed by light microscopy. Experiments were performed independently in triplicate and in each case, five randomly selected fields were evaluated for characteristic apoptotic morphology (i.e., chromatin condensation and fragmentation, membrane blebbing).
Cytosolic fractionation
Cells were washed in PBS and lysed by addition of digitonin buffer (75 mM NaCl, 8 mM Na 2 HPO 4 1 mM NaH 2 PO 4 , 1 mM EDTA, 250 mM sucrose, digitonin 35 g/4610 6 cells) for 60 s and centrifuged at 14 000 g for 2 min. 54 The supernatants were diluted 1 : 1 with 26SDS sample buffer and frozen at 7708C for Western analysis.
Western blot analysis
Treated cells were washed in cold PBS and lysed by addition of SDS sample buffer (60 mM Tris, pH 6.8, 4% sodium dodecyl sulfate, 5.76 mM b-mercaptoethanol, 10% glycerol) and briefly sonicated. Protein levels were quantified using Coomassie protein assay reagent (Pierce, Rockford, IL, USA.) Extracts were boiled for 10 min, and 25 g total protein was fractioned by SDS-polyacrylamide gel electrophoresis and transferred to Optitran nitrocellulose (S and S, Keene, NH, USA), and immunoblotted for Bcl-2 (Dako), BID (R&D Systems, Minneapolis, MN, USA), cytochrome c, caspases 3, 8 and 9 (Pharmingen, San, Diego, CA, USA), PARP (Biomol, Plymouth Meeting, PA, USA) and actin (Sigma, St. Louis, MO, USA). Blots were then incubated with horseradish peroxidase-conjugated secondary antibody (Bio-Rad Laboratories, Hercules, CA, USA), washed, and developed by enhanced chemiluminescence (Pierce, Rockford, IL, USA).
Assessment of mitochondrial membrane permeability transition
Cells were harvested and incubated with 40 nM 3,3-dihexyloxacarbocyanine (D i OC 6 
Assays of caspase activity
Treated cells were lysed and equivalent quantities of protein assayed per the manufacturers instructions (Caspase-3/CPP32 and FLICE/ Caspase-8 Colorimetric Assay Kits, BioVision). Fold increase in activity was calculated by comparing treated and inhibited samples to untreated control lysates for triplicate measurements for each independent experiment.
Measurement of peroxide radical generation
Cells were treated with 500 nM 6-carboxy-2',7'-dichlorodihydrodfluorescein diacetate, di(acetoxymethyl ester) (CDCFDA) (Molecular Probes) for 2 h at 378C, fluorescence measured by flow cytometry on a FACScan, and analyzed with CELLQuest software.
Cell cycle analysis
Cells treated for indicated times were fixed in cold 70% ethanol, pelleted, and resuspended in staining buffer (3.8 mM sodium citrate, 0.5 mg/ml RNase A, 0.01 mg/ml propidium iodide) and incubated on ice for 4 h. After resuspension in PBS fluorescence data was collected on a Becton Dickinson FACScan and cell cycle distribution determined with ModFit LT (v2.0, Verity Software).
Statistical analysis
Significant differences were determined using the student's t-test.
